The abundance and distribution of tree regeneration is driven by several processes acting at both the seedling establishment and survival stages. Plant-plant interactions highly contribute to regeneration dynamics through seed dispersal and competition or facilitation processes. & Aims The aim of the present study was to assess the relative importance of different functional groups of shrubs for the early establishment of oak seedlings in the coastal forest communities of south-western France. & Material and methods We applied spatial and non-spatial analysis methods in eleven 315-m 2 regeneration plots. Within each plot, oak seedlings (height <25 cm) and shrubs (height >50 cm and DBH <4 cm) were mapped to ±1 cm. The spatial distribution patterns of the oak seedlings (Quercus robur, Quercus suber and Quercus ilex) were analysed for each species while the association patterns were detected between the seedlings of the three oaks and four functional groups of shrubs (Fagaceae, Ericaceae, Fabaceae and spiny shrubs) known to have contrasting effects on other species. & Results Oak seedling species were very often spatially aggregated at short distances (<1 m). Oak seedlings were also positively associated with shrubs of the same species within the Fagaceae group, whereas we detected negative associations with Ericaceae and no dominant significant pattern for Fabaceae and spiny shrubs. & Conclusion The aggregated distribution of seedlings of the three oak species was due to short-distance seed dispersal, which also explained their positive spatial associations with Fagaceae shrubs. Thus, in order to enhance oak recruitment in these ecosystems, forest managers should focus on the control of Ericaceae shrubs, while preserving Fagaceae shrubs.
Introduction
Natural regeneration represents a highly complex process in forest dynamics since many mechanisms are involved (Paluch 2005) . Seedling establishment and survival depend on seed (i.e. dispersal strategies), microsite (i.e. spatial heterogeneity) availability and local neighbouring interactions which may separately or jointly control the regeneration process (Hille Ris Lambers and Clark 2003) .
During the early phase of the regeneration cycle, tree seedlings are influenced by the presence and abundance of overstory canopy. In particular, shrubs are recognized as important tree regeneration niches, because their canopies may have facilitative effects on the establishment of different tree species (Callaway 1995; Rodriguez-Garcia et al. 2011; Muhamed et al. 2013b ). However, only some shrub species have a positive effect on tree regeneration through amelioration of climatic and edaphic conditions below their canopies (i.e. interspecific facilitation or the "nurse plant effect", Callaway 1995), while others have effects varying between competitive to neutral. For example, Gómez-Aparicio et al. (2004) have shown the positive influence of Fabaceae shrubs and the negative influence of rockroses (Cistaceae) in a meta-analysis conducted on restoration experiments in south-east Spain depending on the elevation and the slope of the study site. The positive effects of Fabaceae have been observed by several other authors, in particular for Retama sphaerocarpa species in the Mediterranean region (Cuesta et al. 2010) . In contrast, Cistaceae and Ericaceae species have often negative influences, likely because of their allelopathic effects (Gonzalez-Martinez and Bravo 2001), whereas spiny shrubs are known to provide protection against herbivory (Callaway 1995) . "Fertile islands" formed by shrubs are frequently more favourable to other species recruits than to their own offspring, although intraspecific facilitation has been observed between individuals of different-sized cohorts with large individuals protecting small seedlings of the same species (Fajardo and McIntire 2011) .
In forest ecosystems, the initial horizontal distribution pattern of seedlings and their vertical spatial associations with the overstory canopy are considered a fundamental step to be identified in natural regeneration studies. These two-dimensional spatial patterns of individual trees in a forest drive long-term forest community dynamics by influencing competition levels, growth rates and understory development (Goreaud et al. 1999) . Fine-scale spatial patterns of woody plant regeneration have been studied to uncover causal mechanisms that facilitate species coexistence (Wiegand and Moloney 2004) . Spatial point pattern analysis is one of the most common approaches used to infer positive and negative plant-plant interactions and had been used in various ecosystems and for many species (Wiegand and Moloney 2004) . Mainly, observed patterns at small spatial scale have been related to either positive or negative plant interactions. For example, regular plant spatial patterns are often referred as a sign of intense competition between plants for limited resources. In contrast, aggregated patterns (especially interspecific) are interpreted as evidence of positive plant interactions, short-distance seed dispersion as gravity-dispersed or seed cached by birds and small rodents; the random patterns suggest no strong, direct influence of any process in shaping spatial relationships, although they could be transitions phases between aggregated and regular patterns (Rayburn et al. 2011) .
In coastal dune communities, the major limiting factors for plant regeneration are high light and summer temperatures and the scarcity of available water and nutrients (Maun 1998) . Microenvironmental changes provided by nurse plants are important for seedling establishment particularly in seasonally dry ecosystems with a high seedling mortality rate during this critical stage. For example, in Mediterranean, sub-Mediterranean and Atlantic coastal sand dunes, shrubs frequently improve seedling regeneration (Shumway 2000; Cushman et al. 2010 ). In the Aquitaine region (south-western France), the coastal dune forest communities are mainly composed of three oak species within a spatially heterogeneous matrix of shrubs.
The main purpose of this study was to evaluate spatial associations between oak seedlings and four functional groups of shrubs (Fagaceae, spiny, Fabaceae and Ericaceae) known to have contrasting effects on other species. We used both spatial and non-spatial methods to assess if oak seedlings were spatially associated with specific functional groups of shrubs, independently on climate and canopy conditions. Additionally, we analysed the spatial patterns of oak seedlings separately for each species. Together, these different approaches allowed us to assess both interspecific and intraspecific biotic drivers of oak regeneration dynamics in the coastal dune forests. In a previous study conducted in the same ecosystem, Muhamed et al. (2013a) examined the magnitude of the net effect of shrubs (pooled in only one group) on the early establishment of each of the three oak seedling species (Quercus robur L., Q. suber L. and Q. ilex L) and showed that the three oak species do not differ significantly in their association patterns with shrubs, which were rather dependent on climate and canopy conditions. By assessing the role of the different functional groups of shrub species on the natural establishment of oak seedlings, we would like to provide useful information to be implemented in management practices targeting oak regeneration enhancement.
Based on previous work, we expected that (i) all three species of oak seedlings would be aggregated at fine scales and (ii) oak seedlings would display the following:
-Positive spatial associations with Fabaceae shrubs due to nitrogen fixation and scarce nutrient in coastal dune soils -Positive associations with spiny shrubs as a result of protection against herbivores -Positive associations with Fagaceae as a result of both dispersal and microclimate improvement -Negative associations with Ericaceae, because of their allelopathic effects 2 Materials and methods
Study site and target species
The study took place in the coastal sand dune forests of the Aquitaine Region (south-western France). In Aquitaine, coastal dunes occur within an approximately 240 km long sand strip expanding from the Gironde estuary in the north (45°32′ N, 1°05′ W) to the mouth of the Adour river in the south (43°4 1′ N, 1°25′ W) at the vicinity of the Pyrenees mountain range.
All along the coast, oak forest communities occur in the inland fossil dunes at approximately 1-10-km distance from the ocean. The study area is bioclimatically classified as temperate oceanic, with temperatures increasing from the north to the south and an average of 13.5°C (12.8 to 14.10°C, respectively) while the rainiest period of the year occurs during winter. There is an increase in mean annual precipitation with decreasing distance from the Pyrenees mountain range southwards (750 mm in the north to 1,300 mm in the south) (Sardin 2009 ). The soil is very homogeneous all along the coast and is a young podzol soil with a pure coarse sandy texture (Forey et al. 2008) .
In eastern exposure where the oldest oak forests with a natural regeneration are still present, five latitudinal positions were selected from south to north. Furthermore, we delimited an additional site with a west-facing slope in the central part of the latitudinal gradient, where the climate is intermediate to assess the effect of exposure. At each latitudinal and exposure position, two plots within 1-km distance were selected, one in a closed canopy forest and one in a gap to also assess canopy closure variations. However, in the northernmost site (Soulac), we only established one forest plot since we could not find a suitable gap for the study (Table 1 ). All forest plots were located in mature forests with virtually not less than 75 % canopy closure by mixed oak tree overstory, and all open plots were gaps created recently (3-5 years) by opening overstory canopy through seed tree cutting. Each gap had a minimum size of 0.5 ha in order to have microclimatic conditions not influenced by the surrounding adult trees, as shown by Muhamed et al. (2013a) . Under the two canopy conditions in the middle part of a moderate slope (steepness varying between 15 and 25°), we delimited a uniform and homogeneous permanent 315-m 2 plot. All sites are subjected to natural herbivory by deers.
We chose to study the regeneration of the three dominant oak species in the region, the evergreen sclerophyllous Q. ilex and Q. suber and the deciduous Q. robur. Q. ilex is the most drought-tolerant species and occurred mostly in the drier part of the gradient, in the north. Q. suber, which is more cold-and drought-sensitive than Q. ilex, mainly occurs in the wettest and mildest part of the gradient in the south (Michalet 1991; David et al. 2007 ). Q. robur occurs all along the gradient but was more abundant in the central part of the gradient where the two other species were rare (Sardin 2009 ). Although the three species have different stress tolerance strategies, they are all highly or intermediately shade-tolerant since they are rather late-successional species as most Fagaceae species (Rameau et al. 1993 ). This likely explains why Muhamed et al. (2013a) did not find any difference in spatial associations with shrubs among those three oak species.
Data collection
In September 2009, we mapped the woody vegetation within the eleven 315-m 2 rectangular plots by dividing each plot into 35 9-m 2 quadrats. The Cartesian coordinates of each plant were recorded by using a measuring tape to estimate the distance (±1 cm) of the main stem of each individual to reference axes with origins (x, y=0.0) located in the lower right corner of the plot. We assigned each woody plant to one of three size categories: (i) seedlings (height <25 cm), (ii) saplings (25< height <50 cm) and (iii) shrubs (height >50 cm and DBH <4 cm). For shrubs, we also recorded the four coordinate points defining the crown (approximated to an ellipse). Because of small sample size, we excluded adult oak trees from the analysis, and oak seedlings and saplings were pooled into one category, thereafter called seedlings. In order to assess the contrasting effects of different functional groups of shrubs on oak seedling recruitment, we pooled the different shrub species into four functional groups based on their morphological traits and, thus, their likeable effects on other species: (i) Fagaceae (Q. robur, Q. suber, Q. ilex), (ii) spiny shrubs (Ilex aquifolium, Ruscus aculeatus), Fabaceae (Ulex europaeus, Cytisus scoparius) and (iv) Ericaceae (Arbutus unedo, Erica cinerea, Calluna vulgaris). Spiny shrubs are known to have protection effects against herbivores, Fabaceae for their ability to fix nitrogen and Ericaceae for their allelopathic effects (Callaway 1995; Gonzalez-Martinez and Bravo 2001; Gómez-Aparicio et al. 2004 ). Finally, we pooled the three oak shrubs within a fourth group "Fagaceae" because we assumed that they do not have specific effects in contrast to the three other groups and might be sensitive to intraspecific associations with the target seedlings.
Data analysis
In this study, we analysed the spatial distribution patterns, separately for the seedlings of each of the three oak species, using univariate pair correlation function (Wiegand and Moloney 2004) . In a previous study, the same ecosystem showed no significant variation in spatial association patterns with pooled shrub species among the three oak species (Q. robur, Q. ilex and Q. suber) (Muhamed et al. 2013a ). In addition, since the three oak species do not occur across all plots (i.e. Q. ilex was only presented in northern plots while Q. suber only occurred in southern plots) in this study for seedling-shrub spatial association analysis, we pooled the seedlings of the three oak species in one category. Moreover, since shrub functional groups are not constantly replicated in all site conditions and canopy conditions, the effects of canopy types and site conditions were also disregarded here. Thus, the main aim of this study was to assess the overall effect of different functional groups of shrubs, independently on canopy and climate conditions. We could not assess the interactions between the functional groups of shrubs, climate and canopy conditions with our spatial method because of lack of replication of each combination of these three treatments. For this main question, we used pair correlation function and chisquare (spatial and non-spatial methods, respectively).
Univariate patterns
To characterize the horizontal distribution of the seedlings of each oak species, we used the univariate pair correlation function adopting the null model of heterogeneous complete spatial randomness to ensure that the observed patterns were not forced by first-order effects (environmental heterogeneity) but rather by interaction between the points themselves (Wiegand and Moloney 2004) .
g11(r)=E [# (points of pattern 1 at a distance r from an arbitrary point of the same points of pattern)]/λ1 is the univariate pair correlation function g (r) which can be defined as the expected density of points of pattern 1 (oak seedlings) in a ring of radius r and width dw centred in an arbitrary point, divided by the intensity (λ) (λ=n1/area of plot) of points of pattern 1 (Wiegand and Moloney 2004) .
Values of g (r) greater than equal to or lower than 1 indicate spatial aggregation, randomness or segregation distribution, respectively, at a given distance (Wiegand and Moloney 2004) .
Bivariate patterns
To detect the association patterns between oak seedlings and the four functional groups of shrubs, we first used a widely common spatial point analysis function, pair correlation g 12 (r), with the x, y coordinates of shrub crown centroids as input. Second, non-spatial analysis was used for testing the independency between the abundance of oak seedling individuals and estimated canopy surfaces of the different functional groups of shrubs (chi-square independence tests). The chi-square independence null model is non-spatial in the sense that it does not depend on the x and y coordinates of the plant. In other words, the presence of oak seedling depends only on the shrub canopy area (see Schleicher et al. 2011 ). This second method may help to overcome the spatial point pattern limitation where shrub canopies are reduced to point locations (Wiegand and Moloney 2004) .
Pair correlation function (spatial method) To assess the influence of each functional group of shrubs on seedlings of oak species regeneration, we relocated shrub stems x, y coordinates to the crown centroids expecting that interactions are more likely mediated by local light conditions beside the crown asymmetry among our studied shrubs (Umeki 1995) . Spatial associations between crown centroid points and oak seedling stem locations were analysed using bivariate pair correlation functions. The pair correlation function is a noncumulative function where the spatial pattern at finer scales does not influence the function at broader scales, while Ripley's k-function detects association patterns cumulatively up to a certain distance r. The pair correlation function g 12 (r) is the analogue of Ripley's k 12 (r) when replacing the circles of radius r by rings with radius r. g 12 (r)=E [# (points of pattern 2 at a distance r from an arbitrary point of pattern 1)]/λ 2 ., where E [ ] is the expectation operator; pattern 2 and pattern 1 represent oak seedlings and shrubs, respectively; λ 2 (lambda 2) is the intensity of pattern 2 and attraction and repulsion are evaluated through significance testing; g 12 (r)>1 and g 12 (r)<1 indicate attraction and repulsion between the two patterns at a distance r, respectively (Wiegand and Moloney 2004) . For the used function, we compared the observed bivariate point patterns with the antecedent conditions null model, to test whether the pattern of oak seedlings was influenced by the pattern of shrubs during the establishment. For that purpose, the locations of the oak seedlings were randomized and shrub locations were maintained fixed (assuming that oak seedlings may occur anywhere in the plot and that the shrub pattern does not change during the development of seedlings; Wiegand and Moloney 2004) . To detect the significance of patterns against the null models for both univariate and bivariate analyses, approximate (two-sided) 95 % simulation envelopes of the null models were created by calculating for each distance r the 5th lowest and highest values of the summary statistic from 99 Monte Carlo simulations of the null model; this yields an approximate 5 % error rate. However, because of simultaneous inferences (i.e. we tested r at several spatial scales simultaneously), type I error may occur if the value of the chosen statistic is close to a simulation envelope (i.e. the null model may be rejected even if true when values of the evaluated function are close to values of the simulation envelopes). We therefore combined the common simulation envelope method with a goodness-of-fit (GoF) test advocated by Loosmore and Ford (2006) . In all analyses, we used a distance interval of 0.25 m with 0.5 m dr (ring width) calculated up to 3 and 5 m for association and distribution patterns consequently. Point pattern analyses were performed using the software Programita ( Chi-square test (non-spatial method) A limitation of point pattern analysis is that plants are reduced to point locations. These point approximations are applicable when plant size is small in comparison to the investigated spatial scales. Consideration of real plant size and shape might therefore be especially important where the small-scale spatial structure of a plant community is concerned (Purves and Law 2002; Wiegand et al. 2006 ). Otherwise, it may obscure the real spatial relationships at smaller scales in which ecologists are particularly interested when they study interactions among plants (i.e. Prentice and Werger 1985) . In order to overcome these limitations, we compared observed-to-expected oak seedling occurrence under the canopy of each shrub functional group using chi-square (χ 2 ) independence tests considering shrub canopy surfaces (i.e. canopy cover) rather than centroid point coordinates. The null hypothesis was that the presence of seedlings beneath the shrub canopies is independent of the functional group of shrubs (Schleicher et al. 2011 ). The seedlings beneath overlapping zones between shrub canopies of different groups were discharged from the analysis in order to avoid misinterpretation of results. The shrub canopy polygons were drawn in a computer-aided design (CAD) system (AutoCAD, Autodesk Inc., Sausalito, CA) by fitting bidimensional splines to the four coordinates endpoints recorded in the field. We exported the polygons to ArcGIS 10.1 (ESRI Inc., Redlands, CA), and the x, y coordinates of polygon centroids were extracted (i.e. Fig. 1a-c) . Chi-square analysis was performed using the R software for statistical computing (version 2.10.1, 2010).
Results

Univariate distribution patterns of the seedlings of each of the three oak species
A total of 4,963 oak seedlings belonging to three oak species were recorded and mapped, with an average of 451 seedlings per plot (14,317 seedlings ha −1 ) (32, 34 and 34 % for Q. robur, Q. ilex and Q. suber, respectively). By applying univariate pair correlation analysis, the significant GoF test values (P<0.01) revealed generally similar aggregate patterns of regeneration for the three oak species at fine scale <1 m ( Fig. 2 and Appendix: Fig. S1 and Table S1 ) which confirms the visual inspection of the mapped patterns (Fig. 1a-c ).
Exceptions were recorded in Bo. and Bisc. 2F sites where both Q. robur and Q. suber did not show significant nonrandom univariate patterns (Appendix: Fig. S1 and Table S1 ). Generally, the highest values of g(r) occurred at short distances (0.25 to 1 m) and faded away with increasing distance (Fig. 2 and Appendix: Fig. S1 ).
Bivariate shrub-oak association patterns
The total number of mapped shrub individuals was 1,217 with an average canopy area of 223 cm 2 . The GoF tests of the bivariate interspecific and intraspecific pair correlation function detected significant associations for 33 shrub-oak cases out of potential 43 tests (17 cases of positive and 16 cases of negative associations, Table 2 and Appendix: Table S2 ). Among the 16 Fagaceae shrub-oak seedling cases, there were 9 (56.25 %) positive, 4 negative (25 %) and 3 independent (18.75 %) interactions (Table 2) . It is interesting to notice that the majority (i.e. 7) of these 9 positive association cases were intraspecific and only 2 were interspecific. Seedlings of oak species displayed significant negative spatial association with Ericaceae shrubs in 7 (58.33 %) out of 12 cases. Results of seven spatial association tests between spiny shrubs and oak seedling showed three cases of positive (42.86 %) and three negative (42.86 %) (P=0.01) associations and one case of independence (P=0.09). Out of eight cases, only three cases (37.5 %) of Fabaceae shrubs showed positive interactions with oak seedlings, and three cases (37.5 %) were independent in their interactions with two cases (25 %) of negative interactions (Table 2, Appendix: Table S2 ).
In short, bivariate analysis under the null model of antecedent condition (attraction/ repulsion) between shrubs and seedlings exhibited a higher density of oak seedlings neighbouring Fagaceae shrubs than the rest, as positive cases occurred more frequently with intraspecific Fagaceae (56.25 %). Negative interactions mainly occurred with Ericaceae shrubs (58.33 %), while 37.5 % of Fabaceae interactions basically showed independence (Table 2 and Appendix: Table S2 ).
Seedlings under shrub canopies
Chi-square analyses showed that oak seedlings were significantly disassociated with the Ericaceae canopies in 50 % of the cases whereas both positive and independent associations represented 25 % of the patterns each (Table 2 and Fig. 3 ). Fagaceae shrubs showed attraction in seven cases among 16 (43.75 %), with six cases of intraspecific interaction. Repulsion was found with the same frequency (seven cases, 43.75 %), but with more interspecific interactions (25 %), whereas there were only two independent patterns (12.5 %) ( Table 2 and Fig. 3) . From eight to seven association cases of Fabaceae and spiny, respectively, we did not find a strong tendency towards positive or negative association with an equal occurrence of the three association patterns (positive, negative and independent) (Table 2 and Fig. 3 ). In summary, chi-square analysis results were almost similar to those emerging from pair correlation function.
Discussion
Consistently with our expectations, we found that (1) seedlings of all three oak species were spatially aggregated at fine scales (<1 m) in most plots and (2) independent of species, oak seedlings had contrasting association patterns in relation to the four functional shrub groups. Association patterns were predominantly positive for Fagaceae, negative for Ericaceae, but more neutral for Fabaceae and spiny shrubs.
Aggregated distribution of oak seedlings
It is generally accepted that both random and regular distributions of tree regeneration tend to be an exception rather than a rule (Pardos et al. 2008) . Tree seedlings are often aggregated at fine scales (e.g. <1 m, Salas et al. 2006) . Among the 17 plot-species situations, we found in 9 (among 12) significant cases of aggregated univariate patterns that strong g(r) values occurred mostly at short distances (0.25-1 m). Our findings are in line with results reported for seedlings of different oak species in natural stands, including Q. ilex and Quercus (Andersson 1991 ). An aggregated pattern may be caused by limited seed dispersal distances (Kunstler et al. 2004) , habitat heterogeneity (Harms et al. 2001) , and overstory or understory competition dynamics (Petritan et al. 2014) or a combination of these factors (Skarpe 1991) . Hence, for Quercus, a genus characterized by large acorns typically distributed by gravity, short-distance seed dispersal could be a plausible reason for the observed aggregated patterns. However, facilitation could Table 1 for site abbreviations. Note that the y-axis scales are different also in part explain such pattern of aggregation within the influence zone of particular shrubs, although intraspecific aggregation has also been shown to be due to reduced competition as compared to interspecific association (Stoll and Prati 2001) . We did not find obvious differences in aggregation patterns among the three oak species. Indeed, the acorns of the three species have approximately the same size, and all three are dispersed primarily by gravity and secondarily by similar animal dispersal agents such as the Eurasian jay Garrulus glandarius (Gómez 2003) . Additionally, aggregated seedlings have been shown to be potentially due to seed catching by small mammals (Schurr et al. 2004 ).
Positive oak shrub-oak seedling association patterns
The results of both methods used to quantify shrub-oak seedling association patterns showed that Fagaceae shrubs were overall spatially positively associated with oak seedlings and that most of these positive associations were intraspecific. Most studies conducted in xeric environmental conditions have considered that positive associations of tree seedlings with conspecific shrubs are evidence of facilitation (Tirado and Pugnaire 2003) . However, under temperate oceanic climate conditions, this pattern needs to be interpreted with some caution since several other processes may drive such positive Table 1 for site abbreviations associations, including environmental heterogeneity (Michalet 2006) and seed dispersal distance (Schurr et al. 2005 ). Although we did not specifically document a withinsite environmental variation in our study, we assume that environmental heterogeneity was not the cause of these bivariate association patterns considering the relatively small size of our plots and their homogeneity in terms of topography, exposure and soil texture conditions. Rather, this positive association may have been caused by acorn dispersal and/or facilitation, e.g. improved conditions expected beneath host shrubs (Cuesta et al. 2010; Schleicher et al. 2011) . As a rule, facilitation dominates when niche overlap is limited (interspecific) while competition for shared resources otherwise dominates (intraspecific). The stronger intraspecific than interspecific competition stressed by classic competition theory (Dullinger et al. 2007) has not always been supported by empirical work (Fajardo and McIntire 2011) . Intraspecific facilitation may occur among individuals of the same species but from different life stages, with large individuals protecting small seedlings causing nurse effects to recruitment (Callaway 1995) . This may partially explain our positive association pattern (naturally occurring oak seedlings around and beneath intraspecific Fagaceae shrubs). Additionally, Muhamed et al. (2013b) showed in a removal experiment in the same system that oak seedlings were facilitated by neighbours (including shrubs of different species), although this positive effect was only observed in the driest conditions (in the gaps of the North). In contrast in the current study, this positive pattern was observed across all sites, regardless of environmental stress due to climatic conditions, as is the case of the strong aggregation univariate patterns. Together, these arguments give more support to the limited acorn dispersal in the vicinity of adult trees as the likely dominant driver of these intraspecific positive associations between oak seedlings and Fagaceae shrubs. Although we are aware that shrubs do not produce acorns, both the shrubs and the oak seedlings may have recruited in the close neighbourhood of adult trees. Finally, both processes (barochory and facilitation) could potentially explain this pattern. For example, aggregated acorn dispersal from adult trees could be later enhanced by facilitation of seedlings by intraspecific shrubs. Since such processes are difficult to separate using an observational approach (Wiegand et al. 2007) , removal experiments as well as seed dispersion studies should be encouraged in order to allow us to disentangle the respective roles of intraspecific facilitation and limited seed dispersal in our ecosystem.
Negative and independent shrub-oak seedling association patterns
The clear negative association between Ericaceae and oak seedlings was presumably due to the allelopathic leachate characteristic of this family (Ballester et al. 1982) , particularly in the case of C. vulgaris, Erica vagans and A. unedo. Our results are in line with Gonzalez-Martinez and Bravo (2001) who found a negative correlation between Scots pine regeneration and a dense cover of Ericaceae shrubs (Daboecia cantabrica, E. cinerea, E. vagans and C. vulgaris) due to the inhibiting role of their aboveground parts and roots. Similar results were found by Eppard et al. (2005) where the litter and organic layer substrates of Ericaceae severely limited the regeneration of seedlings of Q. rubra, Tsuga canadensis and Pinus rigida. However, A. unedo was shown to have a facilitative effect on Q. ilex development, due to enhanced mycorrhisation (Richard et al. 2009 ). A too low replication of each species did not allow us to assess if these negative associations were evenly shared within our Ericaceae group or specific to some species. The low number of positive associations for both Fabaceae and spiny shrubs in this study was somewhat unexpected because many studies have shown that both functional groups of shrubs have overall positive effects on other species, because of their direct enhancement of soil nutrients or indirect protection effect against herbivores, respectively (e.g. Callaway 1995) . For spiny shrubs, this result may be due to the low overall herbivore pressure in this coastal dune system, while the low nutrient requirement of oak species may explain the lack of a positive association with Fabaceae shrubs. However, the low number of cases compared to the two other functional groups may also explain this neutral pattern observed in our study.
Conclusion
Our study provides further evidence for spatial aggregation of regeneration for three oak species in the coastal dune forests. This result, observed with the univariate analyses, as well as the significant positive intraspecific association pattern found between the seedlings of oak species and Fagaceae shrubs with the bivariate analyses, suggests the importance of limited seed dispersal for explaining spatial patterns of oak recruitment. However, further studies such as removal experiment are needed to really assess the contribution of intraspecific facilitation in shaping this pattern. We found that interactions between oak seedlings and shrubs were strongly dependent on the functional group of shrubs, as we observed frequent negative spatial associations between oak seedlings and Ericaceae species. We recommend that forest managers focus on the control of Ericaceae shrubs to enhance the regeneration of oak forests, while preserving the Fagaceae shrubs, at least as regeneration insurance.
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